Two types of graphene nanoribbons: (a) potassium-split graphene nanoribbons (GNRs), and (b) oxidative unzipped and chemically converted graphene nanoribbons (CCGNRs) were investigated for their magnetic properties using the combination of static magnetization and electron spin resonance measurements. The two types of ribbons possess remarkably different magnetic properties. While the low temperature ferromagnet-like feature is observed in both types of ribbons, such room temperature feature persists only in potassium-split ribbons. The GNRs show negative exchange bias, but the CCGNRs exhibit a 'positive exchange bias'. Electron spin resonance measurements infer that the carbon related defects may responsible for the observed magnetic behaviour in both types of ribbons. Furthermore, proton hyperfine coupling strength has been obtained from hyperfine sublevel correlation experiments performed on the GNRs. Electron spin resonance provides no indications for the presence of potassium (cluster) related signals, emphasizing the intrinsic magnetic nature of the ribbons. Our combined experimental results may infer the coexistence of ferromagnetic clusters with anti-ferromagnetic regions leading to disordered magnetic phase. We discuss the origin of the observed contrast in the magnetic behaviours of these two types of ribbons.
Graphene is a promising material for spintronic applications due to its high carrier mobility at room temperature and its long spin life time resulting from low spin-orbit coupling (~ 10 -4 eV) and low hyperfine interaction [1, 2] . Graphene is a zero band gap semiconductor, and it has been recognized that the graphene nanoribbons (GNRs) may be the potential candidates in future MOSFET devices with excellent ON/OFF ratios over graphene as the band gap of the GNRs can be tuned as a function of ribbon width, quantum confinement, edge geometry, doping and edge functionalization. GNRs present long and reactive edges prone to localization of electronic edge states and covalent attachment of chemical groups can significantly alter their electronic and magnetic properties [3] .
It has been predicted that zigzag-edged graphene or semi-hydrogenated graphene sheets would exhibit ferromagnetic and spintronic properties [1] . Peculiar magnetic properties such as flat band ferromagnetism (FM) in zigzag GNRs, and the presence of spin waves and dynamical edge state magnetism have also been theoretically predicted [4, 5] . Recent theoretical studies have indicated that the magnetic properties of zigzag GNRs can be controlled by an external electric field and predicted that edge states are strongly spin polarized [6] . In addition to that, the occurrence of carrier induced FM in GNRs has also been envisaged [7] . Theoretical work suggests the presence of strong ferromagnetic interaction ranging several 10 3 K between the edge-state spins in the zigzag edge that can create carbon only FM [8] . The most recent and outstanding works on these materials showed that the magnetic properties are not exclusively related to the presence of extrinsic magnetic ions but strongly determined by the defects. For example, in pristine graphite, proton irradiation has been found to be an effective way to produce bulk FM [9] . While bulk graphene is known to be non-magnetic, its derivatives such as graphene oxides, few-layer hydrogenated epitaxial graphene, and hydrogenated carbon nanotubes (CNTs) are reported to show room temperature 3 FM (RTFM) [10] [11] [12] . Interestingly, a recent scanning tunneling microscopy/spectroscopy of GNRs with ultra-smooth edge states with characteristic splitting in the dI/dV spectra has been reported -an unambiguous indication of magnetic ordering [13] .
However, the direct assignment and attribution of the observed RTFM has been hampered in bulk static magnetization measurements as they provide cumulative magnetic response. One of the main supporting arguments for the observation of intrinsic FM in carbon-derived materials was obtained from X -ray magnetic circular dichroism (XMCD) and magnetic force microscopy (MFM) as intrinsic defects [14] . In addition to that, the importance of single atom defects such as carbon (defect) contribution and the role of adatoms such as hydrogen to the observed FM are still being investigated and widely discussed [1, 11, 12, 15] . Despite several interesting magnetic properties of GNRs have been predicted theoretically as outlined above, their experimental realization has been at the nascent stage [16, 17] . Therefore, to understand the graphene-based magnetism more thoroughly, further sensitive experimental verification is required. Particularly, to use GNRs in spin-based applications, it is an utmost important to investigate their true magnetic nature and the species (spins) that cause the magnetic order.
For the present work, we have chosen two sets of GNRs, characterized by long and straight edges. With the advent of recent chemical approaches [18, 19] From a broader context, the ribbons made from potassium are far more conductive as their planes remain pristine throughout the chemistry. For example, these ribbons, as we have published [18] , are as conductive as exfoliated graphene from graphite. They are almost never monolayered as they remain foliated in stacks of about 5-8 thick since the planes are pristine. The edge anions from the reaction were quenched with a proton source, hence hydrogen atoms likely edge the ribbons-though precise confirmation of such a claim is almost impossible using any analytical method available today.
The ribbons made from oxidative unzipping produce graphene oxide nanoribbons (GONRs) that are heavily oxidized both on the planes and at the edges due to the strongly oxidative conditions. Hence, they are poorly conductive but very well exfoliated in the aqueous system in which they are prepared, thereby often being monolayered. For the studies here they were subsequently hydrazine reduced. Hydrazine will remove about 95% of the oxygen functionalities [19] . This restores much of the conductivity, but they are still higher in resistivity than the potassium-derived ribbons noted above. Again, the I-V curves of the two types are well covered in the former papers [18, 19] . Since these are now chemically converted graphene (CCG) nanoribbons, they have holes and some remaining oxygen functionalities, predominantly on the edges. The increased and remaining edge structures in the oxidative unzipped structures can indeed affect the measurements here.
Static magnetization measurements were performed using vibrating sample magnetometer (VSM) equipped with Oxford cryostat on tightly packed GNRs and CCGNRs of the externally applied magnetic field B , with incident microwave power P µ as well as B m cautiously reduced to avoid signal distortion. The defect spin density was quantified by double numerical integration of the K-band derivative absorption spectra by making use of a co-mounted calibrated Si:P intensity marker, also serving as g marker: g (4.2 K = 1.99869) [20] . X -band (~ 9.7 GHz) HYSCORE spectroscopy was carried out at T = 12 K with a repetition time of 1 ms using the sequence π/2-τ-π/2-t 1 -π-t 2 -π/2-τ-echo. The mw pulse lengths were t π/2 = 16 ns and t π = 28 ns, starting times t 10 = t 20 = 260 ns, a τ = 164 and a time increment of ∆t = 8 ns (data matrix 256 × 256). Special attention has been paid to make sure that no external impurity was introduced while sample handling during the measurements.
We begin our discussion with the dc magnetization measurements which are summarized in Figs 
Where M is the magnetization, M o is the saturation magnetization in emu/g, µ B = 9.274·10 be explained as the majority of the edges are reconstructed, passivated or closed [25] upon the oxidative unzipping process. Only a few remaining magnetic edges would give rise to the weak paramagnetic contribution at room temperature [25] .
The results of temperature-dependent magnetization measurements for GNRs and
CCGNRs recorded at 0.1 T are shown in Figs.2 (a,b) . First measurement was taken after zerofield cooling (ZFC) to lowest temperature possible (4.4 K) and in the second run the measurements were taken under field-cooled (FC) conditions. From these plots, several salient features can be inferred : low temperature susceptibility (cf. Fig.2a ) of the former is about 3 times higher than the latter (cf. Fig.2b ).GNRs show pronounced FC dependence:
is larger under FC conditions when compared to values measured under ZFC conditions (cf. Fig. 2a) . While FC dependence typically shows monotonic increase of magnetic susceptibility with decreasing temperature, the ZFC data (cf. Fig.2a ) displays much more complex behaviour. The ZFC data exhibits a broad maximum at around ~ 70 K and low temperature sharp upturn at around ~ 14 K upon progressive cooling. The existence of maxima in ZFC data can be a consequence of competing interactions and/or low dimensionality of the magnetic system. The presence of small magnetic domains or small regions with a super magnetic behaviour may also give rise to such a peak. However, the ZFC stationary points are absent in CCGNRs (cf. Fig.2b ). Moreover, while cooling from room temperature, both ZFC and FC data follow similar trend, i.e., slow increase of susceptibility untill ~ 30 K followed by a sharp rise. We note here a striking similarity between the ZFC susceptibility measured in
GNRs with that of modified graphite and carbon nanofoam [26, 27] . (super)-exchange coupling and particle-particle dipolar interactions, which both can be FM or AFM in sign. We shall explain this interesting observation more quantitatively in forthcoming paragraph. According to the literature reports [28] [29] [30] , for PEB systems, i.e) similar to CCGNRs, the sign of J i is found to be negative inferring the anti-ferromagnetic exchange coupling exists between FM and AFM phases. However, in the case of systems similar to GNRs, which show NEB, it was reported that the sign of J i can be a positive or negative. The observed -ve J i for
GNRs implies the presence of anti-ferromagnetic exchange coupling between co-existing FM and AFM phases. The observation of PEB in CCGNRs could be attributed to their rough micro-structure of the ribbons resulted from heavy oxidative damage due to harsh acidic treatment during the unzipping process, as directly evidenced from the transmission electron microscopic image [19] . Such rough structure is absent in GNRs [18] which may result in smooth edges facilitating NEB. Information on possible magnetic nuclei (if any) coupled to the paramagnetic centers can be obtained with hyperfine sublevel correlation (HYSCORE) spectroscopy carried out at 12 K and at 9.7 GHz on the GNRs. HYSCORE is a high-resolution 2-dimensional pulsed ESR technique used here to measure small hyperfine (hf) couplings not resolved in the CW ESR spectrum [35] . The HYSCORE spectrum shown in Fig.6 allows to identify two nuclear isotopes coupled to the electron spins. There is a strong peak at 14 MHz which is the NMR frequency of protons, which corresponds to weakly coupled protons, and a weaker peak at around 3.5 MHz, which corresponds to the NMR frequency of 13 C. It is likely that these hyperfine couplings are related to protons on the edges of the nanoribbons, in line with the characterization data [18] which show the termination of edges with protons as a result of quenching of aryl potassium edges with ethanol.
Similar to the analysis reported [37] on hydrogen absorption in ball milled graphite, if we assume the ESR signals result from π radicals, then we can use the proton hyperfine couplings to estimate the electron spin density ρ π at the adjacent carbon atoms with the McConnell equation [38] , a H (α) = Q H ρ π , where Q H ~ 2.7 mT, is an intrinsic coupling for unit density and a H (α) is the proton hyperfine coupling in mT. The hyperfine coupling of ~ 0.89 mT from the HYSCORE, thus corresponds to a carbon electron spin density about 33%.
Interestingly, this is only slightly higher as the predicted [39] [40] [41] spin densities of localized edge states in zigzag graphene nanoribbons.
In addition to the proton hyperfine interactions, the HYSCORE
13
C signals (in natural abundance) at low frequencies in Fig.6 indicate 13 C hyperfine couplings in the range |A( 13 C)| < 4 MHz (0.14 mT). These small couplings are clearly not in line with the above mentioned spin density of 0.33, which would result in much larger 13 C couplings [42] . However, these 14 large couplings with large anisotropy coupled with the low 13 C natural abundance will be difficult to detect in a HYSCORE experiment on a non-oriented sample. The observed 13 C hyperfine splitting can be due to 13 C nuclei closer to the center of the nanoribbons with significantly lower spin density [40, 42] . From the results of HYSCORE experiments, it is possible that the larger width (~8×10 -4 T) of the ESR signal from GNRs in comparison to that (~ 6×10 -4 T) of the CCGNRs can be due to the protons present in the GNRs.
Hence the hyperfine couplings derived from the HYSCORE data show that the (unpaired) spin density, and thus wave function of the radical is spread over small graphitic moieties. Most likely the magnetic states are created from the cleavage of graphene sheets of MWCNTs, during the splitting process, resulting in so-called zigzag and armchair edges.
There could also be a population of radicals associated with aliphatic structures. These structural types are thought to create nonbonding π-electron states, which accommodate a high unpaired spin concentration. The large spatial but still localized wave functions of the radicals allow exchange interactions of varying strengths sufficient to induce ferromagnetic order. From our experimental results, we suggest that the clustering of magnetic fragments comprises of carbon defects coupled with hydrogen could be one of the possible sources of the ferromagnetism. From our study, it is clearly evident that not all graphene-based materials exhibit FM-like features at room temperature. It depends upon the preparation process and edge atoms. In other words, one may infer that hydrogen termination facilitates ferromagnetism [1] where as the oxygen termination quenches magnetism [43] . size, distance between two adatoms and defect concentration that would be anticipated from many models [32, 23] . Experiments to address these important questions are underway.
To conclude, we have investigated the magnetism of GNRs and CCGNRs using the combination of magnetization and electron spin resonance measurements. Our classical MH measurements show the occurrence of ferromagnetlike features at low temperature for GNRs as well as for CCGNRs. However, such room temperature feature persists only for GNRs.
While probing for in-depth understanding on the observed magnetism, our field cooled MH data infer the presence of anti-ferromagnetic regions mixed with ferromagnetic phase as evidenced from prominent exchange bias detected in both types of ribbons. Anti- properties, such materials could be used for spin-based and magnet-electronic applications.
Further experimental and theoretical efforts will not only bring us new insights into such novel materials but also pave the way to the new generation of molecule-based magnets. 
